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This paper presents the design, analysis and implementation of four control techniques (proportional- 
integral, two-degree of freedom, repetitive and resonant) with the aim of reducing the total harmonic 
distortion in voltage (THD, ). When the inverter is working as a voltage source theses techniques are useful 
in island mode operation. The purpose is to keep the output voltage waveform, frequency and amplitude 
according to the standard IEEE 519, when nonlinear loads are fed. A comparative analysis derived from 


inverter simulations with nonlinear loads is realized in order to validate those control techniques. 


Keywords: 

Two-degree of freedom controller 
Repetitive controller 

Resonant controller 

Inverter 


© 2011 Elsevier Ltd. All rights reserved. 


Contents 


Ds) MMGOGUCHON isee aeee E cusses EE vee eee 
2. Description of the implemented single-phase inverter................ 
2.1. Small signal model of the inverter under study ................. 


2.2. Description of the control scheme used in the inverter 


3. Current controller design .............ccsccccesccccesscccuevsscesevscees 


4. Voltage controller design .................. 
4.1. Pl voltage controller 


4.2. Two-degree of freedom voltage controller (2DOF)............. 
4.3. Resonant voltage controller............... cece ee eeee eee eeeee eens 


4.4. Repetitive controller..................c eee eee eee 


Ds, Simulation TESUIES sa oe sac anions E aE ead eee EEEREN 
Gi “CONGCHISIONS ws. saccatasy sen EEE nen ete semen E EEEE EUTRE 
Acknowledgements. .2scacctesvetandase nnedinee dactenthesncareuween tebe 
References «cca ici deuidandavalsauiienetan deeuieeasibee dae cna RE EEEE EENE 


1. Introduction 


Today, most countries in the world used centralized generation, 
from thermoelectric, hydroelectric or nuclear power plants. These 
power plants are strategically located based on factors such as 
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economic, safety, logistical or environmental. Many areas located in 
remote places do not receive adequate electricity service and trans- 
mission costs are expensive. Given those problems, the distributed 
generation (DG) [1] is an available solution since it reduces trans- 
portation costs because generation and consumption are close. 
Under this new electricity generation scheme, it is feasible to 
implement interfaces with the ability of operating both in grid 
connected mode by injecting energy from renewable sources to 
the grid, and in islanding mode feeding local loads without grid 
connection. Those interfaces are known as microgrids [2]. Usually, 
microgrids are composed by low and medium voltage systems fed 
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Fig. 1. Circuital scheme of the inverter. 


Table 1 
Parameters of the inverter under study. 
Parameter Values 
Nominal active power (P) 3kW 
DC Link voltage (Vpc) 400V 
nverter output voltage (Vo) 230 Vrms 
nverter output frequency (fg) 50Hz 
Inverter inductance (L) 5.46 mH 
Inverter output capacitor (C) 4.7 uF 


Damping resistance (Ry) 5Q 
nverter switching frequency (fsi) 16 kHz 
Load resistance (Rioap) 17.16Q 


from distributed generation sources such as microturbines, fuel 
cells or photovoltaic systems together with energy storage devices 
and loads [3]. 

A microgrid is composed primarily by electronic equipment 
called inverters. The inverters working in a microgrid have the abil- 
ity to operate both in island mode and in grid connected mode. 
It is important that the inverter imposes an appropriate voltage 
waveform operating in island mode. The voltage must comply 
with amplitude and frequency conditions, regardless of the type 
of load is connected [4]. Additionally, an adequate THDy (less 
than 5% according to IEEE 519-1992) should be ensured [5,6]. This 
paper describes and analyzes four types of controllers to reduce 
THDy. These controllers are: proportional-integral controller [7], 
two-degree of freedom controller [8], resonant controller [9] and 
repetitive controller [10]. 


2. Description of the implemented single-phase inverter 


Fig. 1 shows the scheme of the H-bridge bipolar PWM inverter 
implemented. Table 1 summarizes the nominal values of the 
inverter. 

For the design of the controllers it is necessary to identify the 
transfer functions of the variables to control. The transfer func- 
tions are extracted using the technique of switch modeling PWM 
[11]. The mathematical models that allow obtaining such transfer 
functions are presented in the next section. 


A 
Voc 


Voc 


D’(t)-IL(Vo) D(t): Voc 


Fig. 2. Equivalent averaged model of the inverter around the operation point. 


2.1. Small signal model of the inverter under study 


To perform a linear feedback control from a circuit that is non- 
linear as a switched converter, the power stage must be linearized. 
The switched converter has a small signal linear model for small 
perturbations around an operating point. From this model linear 
controllers can be designed to close control loops with different 
characteristics [12]. 

Fig. 2 shows the equivalent model of the inverter around the 
operation point. The inverter load is resistive. In Fig. 2 D(t) is the 
duty cycle in the operation point and D'(t)=2-D(t)— 1. 

Eq. (1) shows the expressions of the inductor current, I(t), and 
the duty cycle, D(t), at the operation point. 


L(t) Z cos(wt) + ~“ 08M. cos(wt — pc) 
R IZel (1) 
1 i Vo_RMs E oe (2) w-L oe _ 
D(t) zy. ( sin(wt) Zi sin(wt — pc) + costan) ) 


where |Zc| = / (Ra)? +(1/@- Cy and gc =arctan(—1/@-C-Rq). 

Based on small perturbations around the operation point, the 
small signal model is established (Fig. 3) [13]. 

In Fig. 3, dpc, i, d, y, Vo are terms of small signal. 

From the model in Fig. 3, the following transfer functions are 
obtained, duty cycle to inductor current, G; a(s) and inductor cur- 
rent to output voltage, Gy), (s), in order to apply the design control 
scheme. 


2.2. Description of the control scheme used in the inverter 


The inductor current and output voltage, are controlled for the 
inverter, for whichis implemented an average current control (ACC) 
[14]. This scheme is shown in Fig. 4. where Gy(s) represents the 
voltage control loop controller; G;(s) represents the current control 
loop controller; RD(s) is the transfer function of a digital delay of 
one switching period (T;) defined as: 


2 
poq) = Las: 1/2) + (s-)?/12) 
1+ ((s- Ts)/2) + ((s- Ts)°/12) 
Fm is the gain of the bipolar PWM modulator, given by (3): 
a | (3) 


Vpp Triangular 


Ri is the gain of the current sensor (R; =0.2) and £ is the gain of 
the voltage sensor (8 = 0.006). 


Fig. 3. Inverter small-signal model. 
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A Current controller 
Vref 


Current loop 


Voltage loop 


Fig. 4. Scheme of the average current control (ACC) for the inverter. 


The transfer function of interest for the design of the current 
loop is that from the duty cycle to the output current, expressed by 


(4). 


2-Vpc 


te E Za+s-L 
Dpc=0 


(4) 


where Z4 is the load impedance in parallel with the output capacitor 
(5), and Vpc is the input voltage to the inverter. 


a. (s-C-Rg+1)-R 

Za= (Ra i =z)||R= s-C(Rg+1)+1 
Fig. 5 shows the Bode plots of G; qs). 
The control scheme presented in Fig. 4 has the advantage of 
having a flatter response of the inductor current transfer func- 
tion. Furthermore the controller exhibits less distortion than the 
current-injected control (CIC) [15] to generate alternating current. 
The current mode control operates as follows: the voltage ref- 
erence on the output voltage controller is supplied by an external 
reference that can be fixed or variable depending on its application. 
The control of the inverter output voltage is performed through 
the controllers that will be set out in Section 4. It requires the 
current reference to the output current controller implemented 


through a resonant controller (or harmonic controller) and it will 
be set out in Section 3. 


(5) 


3. Current controller design 


For the current loop a P+ resonant controller [15] with the fol- 
lowing transfer function has been chosen: 


Gs(s) = Kp ; Kp- Bh-s 


(6) 


s2 + Bh -S+ 0? 
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Fig. 5. Bode plots of Gi, ais). 
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Fig. 6. Bode plots of current loop. 


The proportional gain Kp can be determined by (7), where 
Wcidesired is the desired crossover angular frequency of the current 
loop. In this case it is chosen: Wc; desired = 2-7-1800 rad/s. 


= L- Wci_desired _ 
(O= Rm 2 Vo a 


For this application the following parameters have been cho- 
sen: k4 = 100, By = 2-7 rad, w1 = 2-7-50 rad/s. The implementation of 
this controller produces a current loop with the following stability 
characteristics: fci = 1.92 kHz (gain crossover frequency), PM = 62.1° 
(phase margin), GM =8.2 dB (gain margin). 

Fig. 6 shows the Bode plots of the current loop depicted in Fig. 4. 
It is defined as T;(s) = Gi, —a - Fm - Ri - Gs(s). 


Magnitude (dB) 


ar ik PE mT A i 
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Fig. 7. Bode plots of Gy, vc(s)- 
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Voltage controller i 


Voltage loop 


Fig. 8. ACC with PI controller. 


4. Voltage controller design 


The voltage controller regulates the inverter output voltage io 
and it sets the reference to the current controller. The control was 
implemented trough an average current control (ACC). It was devel- 
oped with several controllers: Proportional integral controller (PI), 
two-degree of freedom controller (2DOF), resonant controller and 
repetitive controller. 

These controllers aim to get a good reference tracking and to 
reduce the output voltage harmonic distortion when the inverter 
feeds linear and nonlinear loads. The controllers are described 
below. 

For the design of the voltage controllers it is necessary to use 
the transfer function G,,_»,(s), which is determined as follows: 


+ ee anol 4 P3 

Vo IL Vo 1, 1, Vo 
Gyp-u-(S) = = p= = 8 
wen Pe eG) ee i 
where 

i T;(s 
Gia! se (9) 


© Ôc Ri- (1+ Ti(s)) 


Fig. 7 shows the Bode plots of Grg-vc¢ (S). 


4.1. PI voltage controller 


The PI controller seeks a system response without error in steady 
state. The integral action reduces the steady state error produced by 
the proportional controller. The design of this controller is obtained 
following the structure of Fig. 8. 

The expression of the PI controller is given by (10). 


PI(s) = 0.20448 - (10) 


s+ 4270 
s 
Fig. 9 shows the Bode plots of the voltage loop with the controller 

exposed in Fig. 8 and it is defined as Ty(s) = Gvọ-vc(S)- B- PI(s). 

The voltage loop with the PI controller has the following stability 


characteristics: fc, = 780 Hz (gain crossover frequency), PM =96.7°, 
GM=6 dB. 


/2D0F Voltage control: 
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Fig. 9. Bode plots of the voltage loop with a PI controller. 


4.2. Two-degree of freedom voltage controller (2DOF) 


The 2DOF control technique allows dealing with the system 
perturbations and reference variations. This technique processes 
independently the reference signal and output and it presents 
different tuning methods. The implementation of this technique 
provides greater robustness than the one degree of freedom tech- 
niques [16-18]. 

The following transfer functions are obtained from Fig. 10: 


Do Gvovc(S) Cy 
P Jot = 11 
V9 Vreg( ) Vrep 1+ (C1 + C2): Gip-vc(s)- B i 
î 1 
Gwo p(s) = 2 n 


Ô 1+(G + C2): Gig vels) -B 


The controller design must satisfy the following conditions: 


Vo 1 
Guo yep (S) = =— © G (13) 
we Vref B 
Vo 
Gy _p(S) = 5 —>0 (14) 


Current loop 


Voltage loop 


Fig. 10. ACC with 2DOF controller. 


1758 R. Ortega et al. / Renewable and Sustainable Energy Reviews 16 (2012) 1754-1761 


Magnitude (dB) 


se (deg) 


h 

A 
B 
o 


3 


1 3 5 4 
10 10 10 10 
Frequency (Hz) 


Fig. 11. Bode plots of the voltage loop with 2DOF controller. 


The controllers, both C; and C2, are designed according to (14) 
and (13) and these are presented in (17) and (18). 


C = 0.0006344. a 15) 


Cı = 0.26 16) 
The voltage loop gain is defined as: 
Ty(s) = (Cy + C2): Guy ve (S)- B 17) 


The voltage loop gain with 2DOF controller exhibits the follow- 
ing stability characteristics: fc, = 797 Hz, PM =88.85°, GM =6.3 dB. 

Fig. 11 shows the Bode plots of the voltage loop with 2DOF 
controller. 


4.3. Resonant voltage controller 


In this section a P+resonant voltage controller was designed 
as shown in Fig. 12. This controller aims to improve the reference 
tracking and the attenuation of multiple of fundamental spectral 
components. 


7 
Gvjes(8) =P + Res.C=C+ > ed aca odd (18) 
h=1 


s2? + Bh: s+? 


where P is the controller proportional gain designed to perform 
with the adequate gain and phase margins, in this case P = 0.26. The 
other parameters of (18) were explained in Section 3. 

The controller parameters values are presented in Table 2: 

In Fig. 13 the Bode plots was obtained through the expression 
Ty(S) = Gves(S) + Grove(S): B 

The voltage loop with the P+ resonant controller has the follow- 
ing stability characteristics fcy =910 Hz, PM=115°, GM=7.2 dB. 

It is possible to see in Fig. 13 that the phase is 0 at harmonic 
frequencies; this means that the controller has a resistive behavior. 
The decreasing value at high frequencies allows a reduction in the 
harmonic voltage and a THD, reduction. 


Resonant Controller 
[ Res_C 5 


Voltage control 


Current control 


Table 2 
Resonant controller parameters. 
Harmonic Gains BW 
1 Kı 28 Bı 2-1-0.5 
3 K3 12 B3 2.7-1.5 
5 Ks 8 Bs 2-7-2.5 
7 K7 6 B7 2.7-3.5 
9 Ko 4 Bg 2-07-45 
11 Ky, 2 B11 2.7-5.5 
60 AA 
T 
k 
3] 
D 
= 
E 
D 
t] 
= 


Phase (deg) 


10" 107 10° 10° 
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Fig. 13. Bode plots of voltage loop with P+ resonant controller. 


4.4, Repetitive controller 


Repetitive control theory is based on the Internal Model Prin- 
ciple (IMP) and it is capable of tracking periodic references and 
rejecting periodic disturbances [19]. 

The concept of IMP is interpreted in the frequency domain as the 
introduction of high gain in the frequency components related to 
the signals to be followed or rejected [20]. The repetitive loop has 
an infinite gain at all frequencies that are multiples of 1/T, where 
T is the fundamental period of the reference signal. This feature 
ensures disturbance rejection and zero error tracking the reference 
signal. 

Basically, the repetitive controller is composed by a delay e~5! 
and a positive feedback that introduces a high gain at harmonic fre- 
quencies [21,22]. The introduction of a low pass filter is convenient, 
which can be IIR or FIR [23-26], in order to attenuate the gain at 
those frequencies. The system behavior is less certain at these fre- 
quencies than at harmonics of the fundamental signal. Fig. 14 shows 
the repetitive controller block diagram implemented, where Kr is 
the repetitive control gain (K;=0.4) and Q(s) is a infinite impulse 
response (IIR) low pass filter of second order. 


1 
~ (s2/@2) + (2€8/@q) +1 


Qs) (19) 


where € is the damping factor (£ = 0.707) and œ is the filter cutoff 
frequency expressed in rad/s (wq = 2-1-400). 


eee erent Op 7777777 


Voltage loop 


Fig. 12. ACC with P + resonant controller. 
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Fig. 14. ACC with P+ repetitive controller. 
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Fig. 15. Voltage loop Bode diagram using P+ repetitive controller. 


P is calculated in the same way that was calculated for the PI 
proportional gain. 

Fig. 15 shows the bode diagram for the voltage loop presented 
in Fig. 14, it is defined by: 


TVpep.cl(S) = (P + Rep). Gyp_vc(S) j B (20) 


where Gy, _»-(s) is the transfer function, which relates control volt- 
age to output voltage. 

In Fig. 15, the voltage loop with the P+resonant controller 
has the following stability characteristics fcy =569 Hz, PM=81.5°, 
GM =6.1 dB. 


The output impedance has a resistive behavior at harmonic fre- 
quencies of fundamental. This behavior is ideal to minimize the 
THD, and it is similar to repetitive controller behavior. 

From Figs. 13 and 15, it is possible to see that through resonant 
controllers the frequency to delete can be chosen, while through 
repetitive controller implementation, the action is performed auto- 
matically for frequency multiples of the fundamental. Additionally, 
the implemented repetitive controller has a lower bandwidth than 
the resonant controller in the voltage loop. 


5. Simulation results 


The simulation results in island mode are shown below. The 
system has been simulated in PSIM 7.05 [27]. 

Figs. 16-19 show the output voltage and current waveforms for 
a nonlinear load using PI, 2DOF, resonant and repetitive controllers, 
explained in the previous section. The nonlinear load corresponds 
to a full wave rectifier with capacitive output filter 1.5 mF and a 
resistance of 85 Q. The rectifier has no input inductance so that the 
results presented are a highly nonlinear load with crest factor of 
4.6 when it is connected to an ideal sinusoidal voltage 230 Vrms 
grid. The output power in this case is 1200 VA approximately. All 
simulations were performed in islanded situation. 

Table 3 summarizes the inverter output voltage THD, using the 
four controllers feeding linear and nonlinear loads. It is possible 
to see that the PI controller has the worst response in terms of 
THDy reduction: this response is produced with nonlinear loads. 
Including a 2DOF control, THD, is reduced 45% compared with the 
use of PI controller. Moreover, the implementation of the repetitive 
controller and the resonant controller gives the best results. This is 
mainly due to the use of a resonant controller which permits to 
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Fig. 16. Inverter output waveforms with a PI controller (output voltage and output current). 
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Fig. 17. Inverter output waveforms with a 2DOF control (output voltage and output current). 
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Fig. 18. Inverter output waveforms with a P+ resonant controller (output voltage and output current). 
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Fig. 19. Inverter output waveforms with a P+ repetitive controller (output voltage and output current). 
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Table 3 
THD, results. 
Controller Load THD, (%) 
of Linear 0.87 
Nonlinear 7.6 
DOE Linear 0.9 
Nonlinear 4.2 
s Linear 0.86 
esonant Nonlinear 2.92 
t Linear 0.89 
Repetitive Nonlinear 28 
14 4 i ; 
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Fig. 20. Harmonics of the inverter output voltage supplying a nonlinear load. 


select the harmonic that has to be removed as well as its gain. The 
repetitive controller has a similar behavior but in this case the gain 
is set automatically according to the characteristics of the controller 
design. 

Fig. 20 shows the comparative harmonic contents of the inverter 
output voltage supplying the previously defined nonlinear load 
with different controllers. 


6. Conclusions 


In this paper it was presented the design, implementation and 
simulation results of four types of controllers in the voltage loop for 
an inverter operating isolated with the aim to analyze the reduction 
of THD, with a nonlinear load (a full-wave rectifier with a crest fac- 
tor of 4.6). In all cases, except for the controller PI, the THDy levels 
were lower than 5%: this value is recommended by the standard 
IEEE 519. Finally, the controllers, that showed the best behavior 
from the point of view of THD, reduction (lower that 3%), were res- 
onant controller and repetitive controller. It is worth pointing out 
that repetitive controllers have the advantage of easy implemen- 
tation and low computational load, which implies programming a 
delay and a filter, while for a resonant controller it is necessary to 
set a resonator for each harmonic that has to be eliminated. 
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